Rat adrenal mitochondria accumulated cholesterol during ether stress in vivo when side-chain cleavage was inhibited by aminoglutethimide (control = 14.6 vs. aminoglutethimide = 26.5 jpg of cholesterol per' mg of protein). This accumulation was insensitive to simultaneous administration of cycloheximide (24.2 jag/mg), but side chain cleavage in the mitochondria was greatly decreased. Outer and inner mitochondrial membrane fractions were separated by-discontinuous Ficoll gradient centrifugation. .Quantitation of marker enzymes for inner, outer, and microsomal enzymes indicated that outer membranes contained <5%.inner membranes. The inner membrane fraction *contained <7% outer membrane and included. 90% of mitochondrial cytochrome P-450. Electron microscopy revealed outer membranes as circular intact.ghosts, whereas .inner membranes were largely intact and retained vesicular structure typical of intact adrenal cortex mitochondria. Administration of aminoglutethimide effected a 2-fold increase in inner membrane cholesterol (9.4 vs. 20.1 jpg/mg) but simultaneous administration of cycloheximide completely blocked this increase (10.9 pAg/mg). We conclude that: (i) in thepresence ofaminoglutethimide, stress stimulates accumulation of cholesterol in the inner membrane of adrenal mitochondria; and (ii) transfer of cholesterol from outer to inner membranes requires a cycloheximide-sensitive agent.
The rate-limiting step in total steroid synthesis in steroidogenic tissues is the side-chain cleavage (SCC) of cholesterol to pregnenolone (1) . This reaction is catalyzed by'SCC cytochrome P-450 (cytochrome P-450sc), which is located in the mitochondria of steroidogenic tissues (2) . In adrenal mitochondria, this enzyme and the accompanying electron transport proteins have been.located in the inner membrane fraction (3) . Recent evidence suggests that the SCC system resides on the matrix side of the inner membrane (4) . Cholesterol SCC is hormonally regulated in all steroidogenic tissues,.and, in particular, by corticotropin (ACTH) in the adrenal gland (5). We. have previously shown that ACTH stimulates SCC of cholesterol in rat adrenal mitochondria but that conversion of 25-hydroxycholesterol to pregnenolone remains high, irrespective of ACTH activation (6) . This difference has been attributed to ACTH regulation of cholesterol transport rather than to direct activation of cytochrome P-4505, (7) .-Moreover,-phospholipids modulate SCC by purified cytochrome P-450s,, of cholesterol but not of. 25- hydroxycholesterol (8) . It has been proposed that ACTH modulates the immediate membrane environment of cytochrome P450S,,, and recent evidence suggests that the, most active phospholipid, cardiolipin, forms a 1:1 complex with the cytochrome (9) .
'Cholesterol transport to'cytochrome P450s, consists of several distinct phases: (i, receptor-mediated endocytosis of low density lipoprotein (or high density. lipoprotein in rats) from plasma to.lipid droplets (10), (ii) hydrolysis ofcholesterol esters in lipid droplets (11) , (iii) transfer ofcholesterol to mitochondria, and. (iv) intramitochondrial transfer ofcholesterol to cytochrome P-450, (12) . ACTH regulates phase i via stimulation of the number of lipoprotein receptors (13) and phase ii via cAMPdependent protein kinase activation of cholesterol esterases or suppression of cholesterol acyltransferase (14) . In isolated adrenal cells in serum-free medium, ACTH stimulates cholesterol uptake by mitochondria (phases-ii and iii) (12) . This process is blocked by antimicrotubule and antimicrofilament inhibitors, suggesting that cellular ultrastructure is critical to this sequence (probably phase iii).
Protein synthesis inhibitors block hormonal activation ofcholesterol SCC but not transfer ofcholesterol to the mitochondria (12, 15) or SCC of 25-hydroxycholesterol (8) . ACTH activation and cycloheximide inhibition in vivo are retained by the cholesterol SCC system in isolated mitochondria. This activation relates closely to the extent ofcytochrome P-450,c-cholesterol complex formation (16) .
In rat adrenal cells, the effect of protein synthesis inhibitors on ACTH-stimulated steroidogenesis is remarkably rapid (t112 = 3-4 min) (17) . This has led to the hypothesis that a labile protein is required for ACTH action on the adrenal cortex. However, the shortest ti,2 known for a mammalian protein is 12 min (ornithine decarboxylase), casting doubt'on the role of a regulatory protein directly involved in the action ofACTH (18) . However, recent evidence suggests that the cycloheximide block in steroidogenesis may derive from inhibition of the formation of polyphosphoinositides, which, in turn, 'can activate 'mitochondrial steroidogenesis (19) . The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. ' §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 80 (1983) Mitochondrial Isolation and Fractionation. Cell debris and nuclei were removed from homogenates by centrifugation at 600 x g for 10 min. The supernatant fraction was centrifuged at 10,000 X g for 15 min to yield the mitochondrial pellet. The mitochondria were washed by resuspension in homogenization buffer and centrifugation at 10,000 X g for 15 min.
Rat adrenal mitochondria were fractionated into outer and inner membranes by a modification of the method described by Yago and Ichii for hog adrenal mitochondria (3) . Isolated mitochondria were resuspended in hypoosmotic buffer consisting of 20 Table 3 . In vivo pretreatment of stressed rats with either aminoglutethimide or cycloheximide resulted in a doubling of mitochondrial cholesterol, as previously reported (15) .
However, these treatments resulted in distinct differences in Proc. Nad Acad. Sci. USA 80 (1983) Proc. Natl. Acad. Sci. USA 80 (1983) 705 Biochemistry: Privalle et aL (Fig. 1 Upper) . Fraction 5 appears to consist of intact inner membranes (Fig. 1 Lower) that retained the full complement of vesicular structures that also typify intact bovine adrenal mitochondria (28) .
DISCUSSION
In previous studies, we have shown that although ACTH activation ofthe transport ofcholesterol to cytochrome P-450S. and of SCC is retained by isolated mitochondria, the activation is dependent on mitochondrial integrity (7) . The low extent of combination ofcholesterol with cytochrome P-450s, in adrenal mitochondria, from cycloheximide-treated animals or hypophysectomized animals, is increased after ultrasonic disruption to the level found in mitochondria from stressed or ACTH-treated animals. This has led to the hypothesis that ACTH action overcomes a normal restraint to the mobility of mitochondrial cholesterol (7) .
In this report, we have established that when SCC of cholesterol is blocked by formation of an aminoglutethimide-cytochrome P-450scc complex (29) , the full accumulation of cholesterol is found in the inner mitochondrial membrane. We have reported previously that the cholesterol that accumulates in mitochondria of ACTH-stimulated rat adrenal cells during inhibition by aminoglutethimide is completely converted to pregnenolone within 3-4 min upon removal of the inhibitor (12) .
Localization of cytochrome P-450,, in the inner mitochondrial membrane provides a ready explanation for this reactivity.
In vivo cycloheximide treatment, while permitting cholesterol accumulation in the mitochondria in the presence of aminoglutethimide, almost completely blocks movement to the inner mitochondrial membrane. Although we do not demonstrate activation of this step by ACTH in this study, cholesterol added to intact mitochondria will not combine with cytochrome P450. without in vivo ACTH treatment (15) . Therefore, ACTH facilitates cholesterol transport to the inner membrane by a cycloheximide-sensitive process. The limiting and controlled step could be either transit from the outside to the inside of the outer membrane or transport between outer and inner membranes. Highly variable rates have been reported for both types of processes, depending on the membrane and lipid content. Exchange times vary from seconds to hours for transmembrane exchange (30) and from minutes to hours for intermembrane exchange (31) . The removal ofthe restraint by mitochondrial disruption suggests that the main limitation to cholesterol mobility is the aqueous space between the outer and inner membrane, which probably collapses in the disruption process. The separation technique described here occurs without substantial intermembrane cholesterol movement, probably because the cholesterol is "frozen" in the membranes at the low temperature ofseparation (4°C). Previous 
